samples received at the laboratory should comprise a minimum of 5 or 10 units (individual fruit or vegetable units) with a minimum total weight of 2 or 1 kg respectively. The laboratory sample is then comminuted (chopped or blended) to produce a homogeneous sample from which representative sub-samples, typically 10-50g, are taken for subsequent laboratory analysis. The majority of laboratories continue to comminute samples at ambient temperature even though losses for a number of pesticides including chlorothalonil, folpet and tolylfluanid have been reported to occur during this procedure, (Hill et al. 2000; Lyn et al. 2003; El-Bidaoui et al. 2000) . Losses of pesticides during sample processing will result in an underestimation of residue concentrations with implications for both MRL compliance monitoring and consumer risk assessments. In the UK, these losses resulted in public concern regarding the accuracy of the national monitoring programme (Hill et al. 2000) . There is evidence to suggest that processing samples at low temperatures (cryogenic milling) can minimise the extent of these reported losses and thus produce more reliable results, (Hill et al. 2000; Fussell et al. 2002) .
Cryogenic milling requires the sample to be frozen, usually at -20 ºC, before being disintegrated into a fine, friable powder in the presence of dry ice (solid CO 2 ) or liquid nitrogen. By reducing the temperature at which the samples are comminuted, the potential reactions between any pesticide residues present in the samples and chemicals/enzymes released when plant cells are disrupted, can be slowed and hence the losses of pesticides minimised. Chlorothalonil, which is not approved for use on protected Winter lettuce in the UK, is particularly prone to losses during sample processing at ambient temperature (Hill et al. 2000) .
Since 1996, samples of lettuce analysed as part of the UK pesticide surveillance and enforcement programmes have been comminuted in the presence of dry ice to minimise the loss of chlorothalonil and thus avoid an underestimation of residue concentrations. Before the use of cryogenic sample processing was extended to other commodities, it was considered necessary to check that the cryogenic milling process did not have adverse effects on stability of pesticide residues.
In 2002, results from the assessment of the stability of 106 pesticides and related compounds during the cryogenic processing of apples were reported (Fussell et al. 2002) . The results from this initial study on apples were considered as indicative rather than definitive, as a full statistical analysis had not been carried out. The majority (94 out of 106) of the pesticides were stable (losses of <10 %), and only 3 out of 106 showed losses >20 %. The most significant findings were that losses of several pesticides (bitertanol, heptenophos, isofenphos and tolylfluanid) reported to occur during ambient processing of apples did not occur during cryogenic processing. Furthermore losses of dichlofluanid, chlozolinate, and etridiazole; also reported to occur during ambient processing of apples, were reduced to much lower levels (10 %, 17 % and 14 %, respectively) by cryogenic processing.
The aim of the work reported here was to assess the stability of a greater number of pesticides in representative commodities; lettuce, grapes and oranges. This work also included a statistical assessment of results reported previously for apples (Fussell et al. 2002) . The proposed protocol did take into account the practice of freezing samples prior to comminution but did not follow normal procedures of comminuting 1-2 kg samples. Rather, the protocol was designed to assess the 'proof of principle' that pesticides are more stable when comminuted at low temperatures. The procedure, previously evaluated for apples (Fussell et al. 2002) , was based on the analysis of single crop units of fruit/vegetables. This simplified the spiking procedure and also enabled the analysis of the entire comminuted sample to minimise sub-sampling errors. In addition, analysis of single crop units was relatively cost-effective and allowed sufficient replication (duplicate analysis on 7 separate occasions), to provide conclusive evidence of relative stability or instability.
Experimental

Overview of Protocol
A detailed explanation of the development of the experimental protocol was reported in the original study on apples (Fussell et al. 2002) . Most importantly, spiking was undertaken prior to freezing of whole apples, and the dry ice was allowed to evaporate at -20 °C after processing and prior to extraction of the comminuted sample. The stability of each pesticide during processing was assessed by comparing the mean recovery for the batch (method) recovery samples (spiked after sample processing and immediately before solvent extraction; 'postprocessing') with the mean 'survival recovery' of the pesticides spiked before cryogenic processing i.e. 'pre-processing'. Pesticide method recovery and survival recovery results were 'corrected' using chlorpyrifos-methyl (CPM) or chlorpyrifos (CP) as an internal deposition standard. Chlorpyrifos-methyl and chlorpyrifos were selected for use as internal deposition standards (to correct for physical losses of pesticides and volumetric errors during sample processing and analysis procedures), because they are known to be stable and to yield good recovery using the analytical procedures employed in this study. CPM or CP deposited on the surface of the crop unit sample was subjected to the same conditions as the pesticides being assessed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The spiked 'units' were frozen individually in a freezer (-20 °C), stored, and then milled in the presence of dry ice on each day of the experiment. The comminuted samples were immediately placed in a freezer at -20 °C to allow carbon dioxide to dissipate before extraction.
The samples spiked pre-processing, blank extract and the batch recovery extracts were analysed in discrete batches using GC-MSD, GC-FPD or LC-MS/MS. The whole procedure, was repeated on seven different days for each commodity-method combination. The individual results were corrected using the internal deposition standard, CPM or CP.
In these studies, the determination of pesticide concentrations in the mill washes (rinsing of the component parts of the mill with solvent) and filter papers (if used for spiking) was also carried out. These results were used to calculate the overall mass balance (recoveries) of pesticides spiked pre-processing. The mass balance for each pesticide was calculated as the combined survival recovery of the pesticide in the sample, filter papers (if used) and mill washes, uncorrected for IDS, and was approximately 70 -80 % for most experiments.
Samples
Apples (variety Royal Gala), oranges (varieties Valencia or Navel) and red grapes (variety unknown) were labelled as organically produced. Seedless green grapes and round lettuce (varieties not known) were not organically produced. All samples were purchased from local retail outlets and were used to prepare bulk blank samples of each commodity (for batch (Basingstoke, UK).
Equipment
Nalgene centrifuge tubes (part number CF615-45) and polypropylene microtubes (part number QP/509N) were purchased from Camlab (Cambridge, UK).
Preparation of standard solutions
A mixed standard solution (containing 20 or 40 Pg/ml of each pesticide) and chlorpyrifosmethyl or chlorpyrifos (internal deposition standard at 20 or 40 Pg/ml) was prepared in ethyl acetate. Solutions of TPE or TPP (10 µg/ml) were also prepared in ethyl acetate for use as volumetric internal standards. 
Preparation of spiked samples
Whole apples were wiped with hexane to remove wax, placed on a filter paper contained in a glass Petri dish and the pesticide solution carefully applied, dropwise, onto the surface of the fruit. A sufficient number of individual grapes (total 100 g) were stacked (stalk end down) on a filter paper contained in a glass Petri dish and spiked. Oranges were wiped with hexane to remove wax, cut in half horizontally, placed cut side down onto a glass Petri dish and spiked.
Lettuces were cut in half longitudinally, placed cut side down onto an aluminium foil covered plastic tray and spiked.
Spiking was carried out using a standard solution of pesticides in ethyl acetate. The mixed standard solution was applied dropwise using a micro-syringe to the whole, undamaged surfaces of the crop unit(s); taking care not to damage the fruit and to minimise 'run off'. The spiking solution also contained chlorpyrifos methyl (CPM) and/or chlorpyrifos (CP) to act as an internal deposition standard. The spiked crop unit samples were stored in a freezer (-20 °C), for a minimum of 24 hours prior to cryogenic sample processing. Unspiked samples of each of the above commodities were prepared and stored in the same wayprior to use as blank control samples.
Methodology
Cryogenic processing
Each individual frozen crop sample unit (approximately 100 g) was placed in a Tecator Mill experiment. Two (or one) processed blank samples were spiked with the same mix of pesticides immediately prior to extraction, for use as post-processing method recovery determinations. The pH of cryogenically processed samples was 3.7 and 3.9 for apples, 3.4
(Valencia oranges), 3.1 (Navel oranges), 3.2 (grapes), 5.5 and 5.8 (lettuce).
Extraction of samples Ethyl acetate based methods, Method Codes 1-2
Each comminuted crop unit sample was homogenised with ethyl acetate (200 ml) in the presence of anhydrous sodium sulfate (120 g) and sodium hydrogen carbonate (17 g) at 30 °C ± 3°C. The resulting supernatant extracts were filtered through solvent washed cotton wool.
For analysis an aliquot (10 ml) of ethyl acetate extract was cleaned-up using a 500 mg ENVICarb™ solid phase extraction cartridge. The cartridge was eluted with ethyl acetate (Method Code 1a) or acetonitrile/toluene (3:1) (Method Code 1b). The cleaned-up extracts were concentrated and internal standard (TPP or TPE) added prior to quantification by GC-MSD.
For polar organophosphorus pesticides, an aliquot (5 ml) of the ethyl acetate extract was concentrated and a volumetric internal standard (sulprofos or triphenyl phosphate) was added before making up to volume (1 ml) with ethyl acetate. Quantification was by GC-FPD
(Method Code 2a)
Alternatively an aliquot (1 ml) of the ethyl acetate extract was taken, without further clean up or concentration, and an aliquot of internal standard (TPP) was added prior to analysis by GC-
MSD (Method Code 2b).
Acetonitrile based methods, Method Codes 3-4
Each comminuted crop unit sample was shaken with acetonitrile (100 ml) and then sonicated for 1 minute. Anhydrous magnesium sulfate (40 g) and sodium chloride (10 g) were added and the mixture was shaken immediately. Then 0.5 ml of a 20 Pg/ml solution of TPP in acetonitrile was added and the mixture was shaken for a further 30 seconds. PSA sorbent (25 mg) and anhydrous magnesium sulfate (150 mg) were added to a 1.5 ml micro-centrifuge vial, followed by a 1 ml aliquot of the acetonitrile extract. The mixture was shaken for 30 seconds and then centrifuged at 6000 rpm for 1 minute. The supernatant extract was transferred to vials for GC-FPD analysis (Method Code 3a) or GC-MSD analysis (Method Code 3b). Alternatively a 500 µl aliquot was taken and 10 µl of 10 % acetic acid in acetonitrile was added prior to addition of PSA and anhydrous magnesium sulphate. The supernatant extract was transferred to vials for
GC-MSD analysis (Method Code 3c).
For quantification using LC-MS/MS, an aliquot (1 ml) of the initial acetonitrile extract was dried using anhydrous magnesium sulphate (150 mg) (Method Code 4).
Measurement of pesticide concentrations in extracts Typical conditions for GC-MSD determination
Determinations were made using an Agilent 6890 gas chromatograph connected to an Agilent with the carrier gas (helium) at a flow rate of 0.9 ml/min in constant flow mode. The oven temperature was programmed as follows: initial temperature 100 ºC, held for 1 min;
programmed to 150 ºC, at 30 ºC/min; then programmed to 220 ºC at 3 ºC/min, held for 1 min, and then finally programmed to 280 ºC at 2 ºC/min with a final hold time of 3 min.
Typical conditions for GC-FPD determination
Determinations were made using an Agilent 6890 gas chromatograph fitted with a flame photometric detector (FPD). Injection (1 µl) was pulsed splitless at 210 ºC and the detector temperature was set at 250 ºC. Chromatographic separation was performed using a DB1701 megabore column (30 m x 0.53 mm i.d. x 1.0 µm film thickness) with the carrier gas (helium) at a flow rate of 4.0 ml/min in constant flow mode. The oven temperature was programmed as follows: initial temperature 100 ºC, held for 0.5 min; programmed to 200 ºC, at 20 ºC/min, held The total injection cycle time was 28 min, the flow rate was 0.2 ml/min and the injection volume was 5 Pl.
Analytical Quality Control
Validation of the analytical methods
Prior to the analysis of the samples, the extraction and clean-up methods described in the experimental section were validated for the pesticides of interest by analysis of seven 100 g replicate samples spiked at 0.05 -0.1 mg/kg, using the procedures described.
Post-processing batch recoveries were obtained from processed blank samples spiked at 0.05 -0.1 mg/kg, and analysed at least individually, or more commonly in duplicate. These were analysed together with the pre-processing survival recoveries on each occasion. All determinations (including method validations) were calculated using multi-point, matrixmatched standards, which bracketed the samples. TPP or TPE was used as an internal volumetric standard. The CPM/CP corrected mean batch extraction or post-processing recoveries for each pesticide were calculated on the same basis.
Statistical analysis
The stability of pesticides during sample processing (comminution) was assessed by comparing the mean concentration of pesticides in samples spiked before comminution (mean survival or pre-processing recovery) with the mean concentration of pesticides in batch recovery samples spiked immediately after comminution (mean method post-processing recovery).
Prior to the statistical analysis, the results were 'corrected' using the response of the internal deposition standards CPM or CP. Statistical analysis of the collated data was performed, using The mean differences between recoveries from pre-and post-sample processing were then calculated by commodity for each of the pesticides analysed, together with 95% confidence intervals. This was performed to investigate if the effect of sample processing for each pesticide varied with the type of commodity.
Results and Discussion
Method Validation
Validation results for nearly all pesticide/commodity combinations were satisfactory. The mean recoveries (not corrected for IDS) were generally within the range 70-110 % with coefficients of variation (% CVs) below 10 %. A definitive and quantitative assessment of pesticide stability during sample processing as well as an accurate determination of residue concentrations; can only be carried out on the basis of good quality analytical data. Thus any protocol devised for this type of study is dependent on the availability of reliable and robust analytical methods for the full range of pesticides evaluated.
Stability
Data were collated for 134 pesticides over the four different commodities, from 21 sets of experiments. Each of the experiments had measurements over 6-7 days. Results for some pesticides were obtained using two or more sets of experiments and/or two different analytical systems. % occurred during the spiking and freezing process but no significant losses were observed during the cryogenic homogenisation step. The use of internal deposition standards (CPM or CP) which are known to be stable under cryogenic processing conditions, to correct for recovery, removed the effect of physical losses of pesticide from the results, thus enabling a more accurate assessment of stability to be made.Therefore all further assessments were based on the relative stability of the pesticide to chlorpyrifos or chlorpyrifos-methyl. The results for some of the LC-MS pesticides (Figure 4 ) showed apparent survival (preprocessing recoveries) of >100 %. These analytes are generally less volatile and more polar than CP, therefore CP is not the optimum internal deposition standard for these pesticides.
Stable isotope analogues could be used, however these are expensive and only available for a limited number of pesticides.
The data in Figures 1-4 show that 120 pesticides were stable (mean difference between pre-and post-processing recoveries was >-20 %) during cryogenic sample processing. Fourteen of the pesticides showed some instability or loss during processing, and results for these compounds are listed in detail in Table 1 .
[Insert Table 1 here]
The pesticides showing processing losses were dichlorvos, etradiazole (all commodities), biphenyl (apples, grapes, oranges), tecnazene (grapes, lettuce and oranges), captan and ethoxyquin (apples, oranges), malaoxon (apples), chlorothalonil and tebuconazole (grapes), cadusafos, disulfoton, heptenophos, phorate and trifluralin (oranges). The 95 % confidence limits for these mean results are also listed in Table 1 . Figures 1-4 show that there were also a further 4 pesticides with results for mean difference >-20 %, but where the upper and lower 95 % confidence limits were <0 % and <-20 % respectively. These compounds were deltamethrin and dicofol (grapes), aldicarb and dichlofluanid (oranges); however as the mean difference between pre-and post-processing recoveries was >-20 %, for practical analytical purposes they were regarded as stable. Although oranges were the individual commodity most frequently showing losses, it was not possible to make a definitive comparison as (i) only 8 pesticides showed apparent commodityspecific losses and (ii) not all pesticides were evaluated in all commodities.
Overall, the data showed most (120 out of 134) pesticides were stable during cryogenic sample processing. This is especially significant as the pesticides evaluated included those suspected to be unstable during processing. For apples, lettuce and oranges, some comparison can be made with previously reported data for ambient processing, although ambient processing data was acquired using different experimental protocols and thus an exact comparison is not possible. The ambient processing results were also based on the simple difference between mean results from pre-and post-processing spiked samples, with no further statistical treatment of the data.
In the case of apples, losses (>20 %) of a number of pesticides (bitertanol, chlorothalonil, dichlofluanid, heptenophos, isofenphos, oxadixyl, prochloraz, tebuconazole and tolylfluanid) previously reported to occur during ambient processing (Hill et al. 2000) , were minimised using cryogenic processing. These finding are consistent with those of Poulsen and Jonassen (2006), who reported higher recoveries for some pesticides in apples after cryogenic processing compared to processing apples at ambient temperature.
A comparison of lettuce showed a similar pattern. Losses of pesticides (captan, chlozolinate, dichlofluanid, dicofol, iprodione, metalaxyl and tolylfluanid; all >20 %) previously reported to occur during ambient processing of lettuce (Hill et al. 2000) , were not observed using cryogenic processing. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 There is limited data on the stability of pesticides during the ambient milling of grapes and therefore a relevant comparison of the stability of pesticides during cryogenic and ambient processing is not possible. However, losses of biphenyl, dichlorvos, tecnazene, ethoxyquin and etridiazole were found in all commodities for which these pesticides were tested. The losses of the volatile pesticides, biphenyl, dichlorvos and tecnazene; may be due to the large amount of carbon dioxide gas released during comminution, as these pesticides may be volatilised, despite the low temperatures. The reason for the losses of ethoxyquin and etridiazole is not known. As previous data on ambient processing also showed large losses, this indicates that an accurate determination of residue concentrations for the volatile pesticides may not be possible, until the problem of volatilisation loss is solved.
Conclusion
Overall, the data showed most (120 out of 134) pesticides were stable during cryogenic sample processing. This is especially significant as the pesticides evaluated included those previously suspected to be unstable during processing at ambient temperature. Cryogenic milling reduces the likelihood of underestimating residue concentrations (and thus possible MRL noncompliances) of some widely used pesticides. The improved stability of pesticide residues together with improved homogeneity of sub-samples supports the increasing use of cryogenic sample processing in the UK pesticides monitoring programme. It is recommended that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
